This paper presents an approach of teleoperation using impedance control for both master and slave manipulators. The 4-channel architecture with impedance control ensures enhanced transparency by appropriately controlling the dynamic behavior between motion and applied forces in the task space of the manipulators on both sides. Performance of the system is improved by using on-line estimation of stiffness in the unknown environment with which the slave manipulator is in contact. The effectiveness of the proposed control approach is validated using experiments.
Introduction
Bilateral teleoperation allows a human operator to interact with a remote environment using the enhanced skills of actuation and sensing of a robot and the superior cognitive skills of a human. It has shown promising results in applications such as telemedicine, telesurgery, micro-and macro-telemanipulation, and remote access to hazardous and difficult environments. In most such applications, the human operator has to rely only on visual feedback for transparency in carrying out the task properly. It is believed that along with visual feedback, the introduction of force (haptic) feedback in the teleoperation system can result in significantly improved performance.
In a setup of bilateral teleoperation, a human operator with the help of a master manipulator (a haptic interface) interacts remotely with an environment (in the present application, a human in a homecare environment) through a slave manipulator (teleoperator). The interaction force (sensor information) between the slave manipulator and the environment is reflected back to the human operator giving him the feeling of interaction in a transparent manner, resulting in improved performance.
References [1] and [2] provide a comprehensivee survey of the literature on bilateral teleoperation. In a position-position control scheme for teleoperation, a bilateral proportional-derivative (PD) controller connects the master and slave manipulators via a virtual spring and damper between the two end effectors. The work reported in [3] uses a local contact force controller to control the slave manipulator during contact. The scheme is a modification of the well-known virtual coupling scheme and uses a virtual spring to connect the end effectors of the master and slave robots. The desired contact force which the slave controller is expected to track is computed at the master side and is proportional to the error signal, which is the relative position difference between the master and slave manipulators. A force representing this error is fed back to the master and felt at the haptic interface of the human operator. The approach is claimed to have enhanced stability because the contact force measurement in not used in the control loop to avoid the effect of associated noise. But this enhancement comes at the expense of degraded transparency because the impedance felt by the human operator is now a function of the virtual (coupling) impedance and the environmental impedance.
The alternative scheme of position-force control enhances the haptic feedback by explicitly measuring the contact force between the slave and the environment and sending it to the master manipulator, to be displayed to the human operator. If the contact instability is properly dealt with, it will provide enhanced transparency by hiding the slave manipulator's unwanted dynamics from the user and therefore resulting in more realistic haptic feedback.
In [4] , it is shown that the direct display of measured force to the human operator is of limited benefit. Consequently a 4-channel architecture may be implemented where information on both motion and interaction force is exchanged between the master and slave manipulators [5] . The objective is to match the impedance felt by the human operator with that of the remote environment. Therefore instead of directly feeding the environment force to the human operator, impedance control of master and slave manipulators may be used to ensure the reflection of the desired impedance characteristics to the operator at the master manipulator.
The present paper is structured as follows: Section 2 describes the overall control structure of the teleoperation system. The control design process for master manipulator is illustrated in detail while the slave side is assumed to follow the same procedure. It also provides the impedance controller design that is central to the proposed teleoperation scheme. The online estimation scheme for unknown impedance is also presented. The experimental setup and some representative results are presented in Section 3. Section 4 provides the conclusion.
Motivation
According to Statistics Canada, the percentage of Canadians over 65 years will increase from 14.4% in 2011 to 26.3% in 2050. As a result, the Canadian government will have to spend a greater share of the national income on the healthcare of the rapidly growing older population. Contributing factors to the higher per capita healthcare costs are the changing demography and rising healthcare costs of an aging population. This situation is even of greater concern in other industrialized countries like Japan, Italy, and Germany where growth rate of the population over 65 years is higher.
One of the ways that can reduce the spending on healthcare of older people is to exploit the recent technological advancements in robotics and information and communication technologies for providing highquality supportive environments to older people in their homes. As a practical investigation of the proposed research, a robotic homecare environment which will have autonomous robots, can be augmented with haptic teleoperation capability comprising a haptic-assisted remotely controlled robot to monitor and assist individuals within the home environment. The design challenges for such sophisticated application of robots include dealing with the instability due to communication constraints such as time delay and ensuring a transparent manipulation of the remote environment through force feedback. The focus of this paper is to formulate a bilateral control architecture that ensures transparency. The stability problem will be investigated in the follow up research.
Bilateral Teleoperation

Control Algorithm
The master manipulator or slave manipulator in contact with an environment with dynamic equations, may be modeled as
Mq is the positive-definite inertia matrix, ( , ) iii Cis the matrix containing Coriolis, centrifugal, and friction forces, and ()
Gq is the gravity vector. Also, i F is a vector of end effector forces, which is related to the input joint torques  through FF  , which is the environmental force applied on its end effector. The subscript x indicates that the robot dynamics are represented in the task space. Now the control algorithm for the master manipulator is presented. In order to make the manipulator end effector follow a desired (reference) motion trajectory, control law for Equation (1) can be designed based on the inverse dynamic model of the manipulator in the task space as 
where m u is a control input analogous in meaning to the end effector acceleration and is designed as
Let , , and
impedance parameters for a given task. These parameters are related to each other by a closed-loop impedance equation which describes a desired dynamic relationship between the external forces applied at the robot end effector and its motion
Here X X X which are the inputs to the motion control loop, representing the reference motion that must be tracked.
A block diagram showing impedance control with an inner motion control loop is sketched in Figure 2 (this presents the details of the "Master Controller" block in Figure 1 ). The inner loop controls Cartesian position, and the outer loop modifies the desired Cartesian position to form the reference Cartesian position. The deflection between desired and reference trajectories is caused by the applied external forces and is shaped accordingly by the desired impedance gains given in Equation (4).
Separating the controller design process into two stages (impedance and motion) is intuitively justified because the dynamics of the closed-loop system are different in free space and during interaction or along the free motion directions and the constrained directions. In the latter case, the dynamics of the controlled system depend on the dynamics of the environment, and the control objective is to achieve a suitable dynamic behaviour of the end effector. While in the case of free motion, the control objective is to provide better motion tracking thereby minimizing the effect of the errors arising from unmodelled dynamics (such as joint friction) and approximation of the manipulator's inverse dynamic model. Both these control objectives can be met independently of each other, and therefore the selection of impedance gains is not effected by that of the motion gains and vice versa. Instead of using a Cartesian PD control in the motion control loop, some advanced nonlinear control design technique such as sliding mode control [6] may be used. Stability can be guaranteed as long as the rate (effective bandwidth) of the inner (motion) control loop is faster than the outer loop.
The slave-side control algorithm follows the same procedure as the master side algorithm. The interaction force now is the force applied by the environment on the slave manipulator's end effector, This type of teleoperation setup where both power variables are exchanged between the master and slave sides is called the four-channel architecture for bilateral teleoperation and was first proposed in [7] . In some literature it is also called position exchange/force exchange teleoperation. If the impedance parameters are properly designed, this control architecture can achieve greater stability and transparency as compared to other control architectures like position forward, position exchange, position forward/force feedback, position exchange/force feedback.
Selection of the Desired Impedance Parameters
For a robot in contact with an environment (modeled as a linear spring with stiffness e K ), the desired damping ratio along each Cartesian axis is given by
To overcome the "contact instability" problem, an overdamped behavior ( 1 ds   ) is stipulated. The manipulator end effector may exhibit chattering behavior especially in the case of contact with a very stiff environment. By selecting the damping term larger than the corresponding mass and stiffness terms, the contact instability problem can be resolved.
Large damping ratio also means avoiding large impact forces which may arise during contact with an environment with uncertain geometry. This necessitates small ds K (high compliance) in directions where contact with a stiffer environment ( e ds KK  ) is foreseen. Thus the desired stiffness of the slave manipulator matches the environmental stiffness in a complementary way. Once the stiffness term is selected based on the estimated environmental stiffness, the desired damping term ds B is used to shape the closed-loop transient behavior. The desired stiffness of the master manipulator should be set equal or proportional to the estimated environment stiffness to achieve enhanced transparency.
Details of robust stability analysis and tuning of the desired impedance parameters are found in [6] .
Online Estimation of Mechanical Impedance
Using the information from force sensor, the unknown environmental parameters; i.e., the coefficients , ee BKshould be identified. The dynamic behaviour of the human body is approximated by the lumped stiffness parameter e K and the damping parameter e B . Once the position and force measurements are available, a recursive least-square estimator can be used to estimate the impedance parameters [8] . The estimation process executes at discrete samples in real-time where the current state at time k is predicted from the previous state (at 1 k  ). The predicted state is then combined with the current measurements to estimate the current state.
Environmental model is assumed to be a springdamper system: is the regression vector. Equation (8) represents the Euler approximated model of the system in Equation (7) with sampling period 0 h  such that
The recursive least-squares (RLS) identification method is used to minimize the mean square value of the model error at each time step. The two-step RLS algorithm is as follows
Prediction
Step:
Update
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Experimental Results
The experimental setup is depicted in Figure 3 . Two identical PHANToM Premium 1.5A haptic devices (SensAble Technologies, MA, USA) are used as the master and slave manipulators. The haptic controller is a Windows-based Intel x86 PC with real-time scheduling ensured by an OpenHatics API with a servo rate of 1,000 Hz. Communication between the master and slave systems occurs on a LAN network. The UDP packets which carry information between the two sides pass through an NISTNet router which emulates realistic Internet-like traffic conditions (like random time delay, jitter, and packet loss) on the network. For current results, the round-trip time (RTT) delay is less than 1ms and is therefore neglected.
The slave PHANToM robot interacts with a virtual environment, which is modeled using known stiffness and damping. Only the translational Cartesian directions of the end effector motion are controlled through impedance control. The human operator provides the desired trajectory to the master PHANToM device by directly manipulating the gimbal attached to the end effector. Perfect position tracking of master motion by the slave robot was achieved as shown by the plots of position and velocity data in Figure 4 and Contact between the slave's end effector and the environment occurs between time instants 6.5-7, and 8-8.5 seconds. The robot was following free motion in between the contacts. The measured interaction force is shown in Figure 7 . The inverse dynamics (computed torque) control was not implemented due to the lightweight (low inertia) and frictionless nature of the PHANToM haptic devices. The desired inertia is therefore equal to the natural 
Conclusion
A bilateral teleoperation scheme based on impedance control in the context of homecare robotics was developed in the paper. The primary focus was on enhanced transparency which is crucial while interacting with human body remotely through robotic manipulators. The selection of good impedance parameters to achieve a satisfactory behavior during interaction was discussed. For better compliance, the slave desired parameters were matched with the estimated environmental parameters in a complementary way. Experimental results were presented to show the validity of the proposed scheme.
Following are the possible future directions: i) Contact instability; i.e., the instability that arises during contact with an unknown environment. The design objective would be to tune the sampling time such that the controller is stable and at the same time the system response to contact forces is fast. ii) Dealing with time delay, jitter (variation in time delay) and information loss which may be contributed to constraints in the communication channel. In [9] it is found that in the presence of haptic feedback, the admissible upper bound for round-trip time (RTT) delay is up to 40 ms for abrupt movements of the human operator and up to 160 ms for gentle movements. A modelmediated approach may be applied where instead of interacting with a remote environment through the unreliable communication network, the master manipulator interacts with a virtual model representation of the remote environment [10] . The model is updated in real-time according to the data received from the slave manipulator. 
